Introduction {#s1}
============

With the increasing prevalence of obesity, nonalcoholic fatty liver disease has become the most common form of chronic liver disease in Western countries [@pone.0070599-Milic1]. A subset of patients with nonalcoholic fatty liver disease progress to nonalcoholic steatohepatitis (NASH), a more aggressive form of the disease characterized by hepatocyte apoptosis, hepatic infiltration by inflammatory cells and fibrosis, which may culminate in liver cirrhosis and the development of hepatocellular carcinoma. Unfortunately, there is no proven therapy for NASH, and lifestyle modifications remain the standard of care which are often difficult to obtain and sustain (e.g., weight loss).

Hepatocellular apoptosis appears to be a cellular mechanism distinguishing simple fatty liver disease from NASH [@pone.0070599-Alkhouri1]. Indeed, the extent of hepatocyte apoptosis differs significantly between simple steatosis and NASH, and excessive hepatocyte cell death is a pathologic hallmark of NASH. Apoptosis can be executed by two general pathways: intrinsic (organelle-initiated) and extrinsic (death receptor-mediated) pathways. Although regulation of apoptosis during liver injury is very complex, death receptor-mediated apoptosis plays a major role in NASH [@pone.0070599-Ribeiro1], [@pone.0070599-Feldstein1]. Death receptors important for liver injury include Fas, tumor necrosis factor (TNF) receptor 1 (TNFR1), and death receptors 4 (DR4, TRAIL receptor-1) and 5 (DR5, TRAIL receptor-2). Death receptor-mediated apoptosis is triggered when ligands TNF-α, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and Fas ligand bind their cognate death receptors TNFR1, DR4/5 and Fas, respectively, activating downstream death-inducing cell signaling cascades. The ligands for these receptors are expressed by cells of the immune system, TNF-α and TRAIL by cells of the innate immune system such as NK cells and macrophages, and Fas ligand by T-lymphocytes [@pone.0070599-Strasser1], [@pone.0070599-Falschlehner1]. Modulation of hepatocyte apoptosis by death receptors, especially as mediated by inflammatory cells, is a potential therapeutic strategy for NASH, but has yet to be realized.

Hedgehog signaling pathway plays a key role not only in embryonic development but also in tumorigenesis, repair and regeneration in adult tissues. The canonical hedgehog signaling cascade is initiated by binding hedgehog ligands (e.g., sonic, indian and desert hedgehog) to the plasma membrane receptor patched. Activation of patched disinhibits the plasma membrane receptor smoothened, which allows for nuclear translocation of glioma-associated oncogene (Gli) transcription factors. These can both activate and inhibit expression of their target genes (e.g., patched 1). Besides the canonical pathway, non-canonical signaling cascades have been described. These pathways also require smoothened but do not involve Gli-mediated transcription responses [@pone.0070599-Lin1]. Aberrant activation of hedgehog signaling has been observed in both murine and human NASH [@pone.0070599-Rangwala1], [@pone.0070599-Guy1], [@pone.0070599-Syn1], [@pone.0070599-SwiderskaSyn1]. In animal models of NASH, hedgehog signaling promotes hepatic fibrogenesis [@pone.0070599-Syn1], [@pone.0070599-Syn2]. Despite the substantial body of evidence that hedgehog signaling plays an important role in NASH progression, therapeutic inhibition of this pathway has not been examined in animal model of NASH. In particular, the role of hedgehog signaling pathway in modulating hepatocyte apoptosis has yet to be explored.

In the present study, we examined the hypothesis that inhibition of hedgehog signaling in NASH has a salutary effect on the disease by decreasing liver injury. We observed that vismodegib, a clinically used smoothened inhibitor, attenuates liver cell apoptosis via downregulation of DR5 and also reduces macrophage-associated hepatic inflammation in a dietary mouse model of NASH.

Materials and Methods {#s2}
=====================

Animals and experimental design {#s2a}
-------------------------------

All animal studies were performed in accord with and approved by the Institutional Animal Care and Use Committee at the Mayo Clinic. C57BL/6 mice (8 wk of age) were obtained from the Jackson Laboratory (Bar Harbor, ME) and housed with a 12-h light-dark cycle. Mice were fed either a standard chow or a diet high in saturated fat and cholesterol with exogenous glucose plus fructose added to the drinking water [@pone.0070599-Charlton1]; we have termed this diet the FFC (high saturated fat, high fructose, and high cholesterol) diet. This model of diet-induced obesity results in the development of murine NASH with liver inflammation, ballooned hepatocytes, and fibrosis and mimics human NASH [@pone.0070599-Charlton1]. Mice were fed either the standard chow or FFC diet for three months. In one paradigm, mice (5--7 mice per group) fed either the chow or the FFC diet were treated with vismodegib (25 mg/kg body wt) or vehicle (equal volume of 0.5% carboxymethylcellulose) once daily by gastric gavage for 7 consecutive days prior to sacrifice. For the second paradigm, mice were fed the standard chow or FFC diet for three months (3--4 per group), and treated with either vismodegib or vehicle by gastric gavage once daily for 14 days. On day 7 and 10 of the treatment with vismodegib or vehicle, MD5-1, an agonistic antibody against mouse DR5 [@pone.0070599-Takeda1], was administered i.p. (300 µg/animal) to a group of vismodegib- and vehicle-treated mice on each diet. At the end of the treatment mice were sacrificed under general anesthesia induced by pentobarbital (50 mg/kg body wt, i.p.), blood and liver samples were collected for further analysis.

Primary cell isolation and cell culture {#s2b}
---------------------------------------

For hepatocyte and liver macrophage isolation, mice were fed standard chow or FFC diet for three months (3--5 per group) and treated with either vismodegib (25 mg/kg body wt) or vehicle (equal volume of 0.5% carboxymethylcellulose) once daily by gastric gavage for 7 consecutive days prior to primary cell isolation. Hepatocytes and macrophages were isolated by collagenase perfusion and purified by Percoll (Sigma, St. Louis, MO) gradient centrifugation as previously described by us [@pone.0070599-Canbay1]. Hepatocytes were immediately snap frozen for RNA and protein extraction. Macrophages were plated and allowed to attach to a culture dish for 30 min, thereafter attached cells were harvested for RNA isolation. Huh-7, a human hepatocellular carcinoma cell line, was cultured in Dulbecco\'s modified Eagle\'s medium containing glucose (4.5 g/L), penicillin (100 units/mL), streptomycin (100 µg/mL) and 10% fetal bovine serum (all Gibco, Carlsbad, CA). Huh-7 cells were pre-treated with vismodegib (0.01 -- 1 µM) or vehicle (DMSO) for 16 h and then treated with palmitic acid (600 µM). Palmitic acid was prepared as described previously by us and the concentration used corresponds to the fasting total free fatty acid plasma concentrations observed in humans with NASH [@pone.0070599-Cazanave1].

Biochemical analysis {#s2c}
--------------------

Serum ALT activity was determined using a standardized and automated procedure of the diagnostic laboratory of the Mayo Clinic. Liver triglyceride concentrations were measured as described previously [@pone.0070599-Miao1] and normalized to liver protein concentrations.

Histopathology, immunohistochemistry, Sirius red staining and terminal deoxynucleotidyl transferase dUTP nick-end labeling assays on liver tissue {#s2d}
-------------------------------------------------------------------------------------------------------------------------------------------------

For histological review of hematoxylin and eosin (H&E)--stained liver sections by light microscopy (Eclipse Meta Morph V 5.0.7, Nikon, West Lafayette, IN), the liver was diced into 5 mm×5 mm sections, fixed in 4% paraformaldehyde for 48 hours, and then embedded in paraffin. Tissue sections (4 µm) were prepared using a microtome (Reichert Scientific Instruments, Buffalo, NY) and placed on glass slides. H&E staining was performed according to standard techniques. For immunohistochemistry, paraformaldehyde-fixed paraffin-embedded liver tissue sections were deparaffinized, hydrated and incubated with antibodies against Mac-2 (1∶250, eBioscience, San Diego, CA) and sonic hedgehog (Shh, 1∶500, Santa Cruz Biotechnology, Santa Cruz, CA). Bound antibodies were detected using Vectastain ABC kit and diaminobenzidine as a substrate (both Vector Laboratories, Burlingame, CA) and the tissue slices were counterstained with methyl green or hematoxylin. To quantify Mac-2 immunohistochemical staining, ten random pictures of 20× fields per section were assessed by morphometry (KS 400 software, Carl Zeiss). Liver fibrosis was quantified using Sirius red staining. Direct red 80 and Fast-green FCF (color index 42053) were obtained from Sigma-Aldrich Diagnostics. Liver sections were stained, and red-stained collagen fibers were quantified by digital image analysis as previously described by us in detail [@pone.0070599-Canbay2]. The fluorescent terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay on liver tissue (In situ cell death detection kit, Roche, Indianapolis, IN) was performed on frozen liver sections. Briefly, liver tissue samples were cryopreserved in Tissue Tek OTC compound (Takeda, Deerfield, IL) immediately after removal. Tissue sections were cut at 5 µm on a cryomicrotome (Leica, Buffalo Grove, IL), air dried and stored at --80°C until use. The TUNEL assay was then performed using the manufacturer\'s protocol and tissue slices were mounted with ProLong Gold antifade reagent with DAPI (Life Technologies, Grand Island, NY). Apoptotic cells were quantified by counting TUNEL-positive nuclei in 20 random microscopic fields (20×) using a fluorescent microscope (Eclipse 80i, Nikon, West Lafayette, IN).

Coherent anti-Stokes Raman scattering and second harmonic generation microscopy {#s2e}
-------------------------------------------------------------------------------

Label-free frozen liver tissue sections (5 µm thick) were imaged on a two photon confocal microscope FluoView FV1000 MPE (Olympus America, Center Valley, PA) using the coherent anti-Stokes Raman scattering (CARS) and second harmonic generation (SHG) applications. Mai Tai DeepSea laser (Spectra-Physics) was tuned to 800 nm and an XLPlanN 25×/1.05w MP objective lens was used. For collagen area quantification, the pixel numbers of the SHG image having intensity above the threshold value were quantified using ImageJ software. Four animals per group and at least ten pictures for each animal were examined.

Western blot {#s2f}
------------

Whole cell lysates of isolated mouse hepatocytes were obtained using lysis buffer (50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 µg/mL aprotinin, leupeptin, pepstatin) followed by centrifugation at 15,000×g for 15 min at 4°C to remove cellular debris. Equal amounts of protein (50 µg) were loaded onto SDS-PAGE gel, transferred to nitrocellulose membrane and incubated overnight with anti-smoothened antibody (ab72130, Abcam, Cambridge, MA) at a dilution of 1∶5,000. Horseradish peroxidase-conjugated secondary antibody (SantaCruz Biotechnologies) was used at a dilution of a 1∶5,000. GAPDH protein levels were used as a loading control. Bound antibodies were detected using enhanced chemiluminescence reagent (Amersham, Arlington Heights, IL) and Kodak X-OMAT film.

Quantitative real-time polymerase chain reaction {#s2g}
------------------------------------------------

Total RNA from liver tissue, primary cells and Huh-7 cells was isolated with RNeasy Plus Kit or RNeasy Micro Kit (Qiagen, Valencia, CA) and was reverse transcribed with Moloney murine leukemia virus reverse transcriptase and oligo-dT random primers (both from Invitrogen, Carlsbad, CA). Quantification of gene expression was performed by real-time polymerase chain reaction (PCR) using SYBR green fluorescence on a LightCycler 480 instrument (Roche Applied, Indianapolis, IN). Specific primers are listed in [Table 1](#pone-0070599-t001){ref-type="table"}. Target gene expression was calculated using ΔΔ Ct method. Expression was normalized to 18S rRNA expression levels, which were stable across the four experimental groups. All data represent fold change over expression in vehicle-treated mice fed standard chow diet.

10.1371/journal.pone.0070599.t001

###### Primer sequences for quantitative real-time PCR.

![](pone.0070599.t001){#pone-0070599-t001-1}

  Gene            Forward primer sequence (5′-3′)   Reverse primer sequence (5′-3′)
  -------------- --------------------------------- ---------------------------------
  αSMA              GTC CCA GAC ATC AGG GAG TAA       TCG GAT ACT TCA GCG TCA GGA
  ACC1              ATG GGC GGA ATG GTC TCT TTC       TGG GGA CCT TGT CTT CAT CAT
  ACOX1             TCC AGA CTT CCA ACAT GAG GA       CTG GGC GTA GGT GCC AAT TA
  CD14             CTC TGT CCT TAA AGC GGC TTA C      GTT GCG GAG GTT CAA GAT GTT
  CD68              TGT CTG ATC TTG CTA GGA CCG      GAG AGT AAC GGC CTT TTT GTG A
  Collagen 1a1       GCT CCT CTT AGG GGC CAC T         CCA CGT CTC ACC ATT GGG G
  CPT1a              CTC CGC CTG AGC CAT GAA G        CAC CAG TGA TGA TGC CAT TCT
  CPT2               CAG CAC AGC ATC GTA CCC A        TCC CAA TGC CGT TCT CAA AAT
  DGAT1              TCC GTC CAG GGT GGT AGT G      TGA ACA AAG AAT CTT GCA GAC GA
  DGAT2             GCG CTA CTT CCG AGA CTA CTT       GGG CCT TAT GCC AGG AAA CT
  DR5/TRAIL-R2       CGG GCA GAT CAC TAC ACC C       TGT TAC TGG AAC AAA GAC AGC C
  Fas               TAT CAA GGA GGC CCA TTT TGC     TGT TTC CAC TTC TAA ACC ATG CT
  Fas ligand        TCC GTG AGT TCA CCA ACC AAA       GGG GGT TCC CTG TTA AAT GGG
  FASN              GGA GGT GGT GAT AGC CGG TAT       TGG GTA ATC CAT AGA GCC CAG
  F4/80           ATG GAC AAA CCA ACT TTC AAG GC     GCA GAC TGA GTT AGG ACC ACA A
  Gli1              CCT CCT CCT CTC ATT CCA CA        CTC CCA CAA CAA TTC CTG CT
  Gli2              CCC CAT CAC CAT TCA TAA GC        CTG CTC CTG TGT CAG TCC AA
  IL-1β            GCA ACT GTT CCT GAA CTC AAC T      ATC TTT TGG GGT CCG TCA ACT
  IL-6            TAG TCC TTC CTA CCC CAA TTT CC      TTG GTC CTT AGC CAC TCC TTC
  MCP-1            TTA AAA ACC TGG ATC GGA ACCA      GCA TTA GCT TCA GAT TTA CGG G
  MTTP             CTC TTG GCA GTG CTT TTT CTC T      GAG CTT GTA TAG CCG CTC ATT
  Osteopontin       CTC CAT CGT CAT CAT CAT CG        TGC ACC CAG ATC CTA TAG CC
  Patched 1        AAA GAA CTG CGG CAA GTT TTT G     CTT CTC CTA TCT TCT GAC GGG T
  SCD1             TTC TTG CGA TAC ACT CTG GTG C     CGG GAT TGA ATG TTC TTG TCG T
  Smoothened        GAG CGT AGC TTC CGG GAC TA        CTG GGC CGA TTC TTG ATC TCA
  TNF-α           CCC TCA CAC TCA GAT CAT CTT CT       GCT ACG ACG TGG GCT ACA G
  TNFR1             CCG GGA GAA GAG GGA TAG CTT       TCG GAC AGT CAC TCA CCA AGT
  TRAIL            ATG GTG ATT TGC ATA GTG CTC C      GCA AGC AGG GTC TGT TCA AGA
  18S               CGC TTC CTT ACC TGG TTG AT        GAG CGA CCA AAG GAA CCA TA

Statistical analysis {#s2h}
--------------------

Data are expressed as the means ± SEM. Differences between groups were compared using one-way analysis of variance followed by Bonferroni post-hoc test. An unpaired t-test was used for comparing two groups. DR5 gene expression in Huh-7 cells was analyzed using one-way analysis of variance followed by Dunnett\'s test. Differences were considered significant at *P*\<0.05. All analyses were performed using GraphPad Prism 5.0 software (San Diego, CA).

Materials {#s2i}
---------

Vismodegib (GDC-0449) was purchased from Active Biochem (Maplewood, NJ). All other chemicals used were purchased from Fisher Scientific (Suwanee, GA) and Sigma-Aldrich (St. Louis, MO).

Results {#s3}
=======

Hedgehog signaling pathway is activated in a nutrient excess model of NASH {#s3a}
--------------------------------------------------------------------------

Similar to reports in human NASH [@pone.0070599-Rangwala1], [@pone.0070599-SwiderskaSyn1], mice fed the FFC diet displayed expression of sonic hedgehog in the liver ([Fig. 1A](#pone-0070599-g001){ref-type="fig"}). While liver sections from mice fed a chow diet were negative for sonic hedgehog, liver tissue from mice on the FFC diet displayed numerous portal/periportal hepatocytes positive for sonic hedgehog by immunohistochemistry. Vismodegib-treated animals on the FFC diet expressed sonic hedgehog to a similar extent as vehicle-treated mice on the FFC diet; however, the mRNA expression of patched 1, an established transcription target of hedgehog signaling [@pone.0070599-Kurita1], was substantially suppressed by the smoothened inhibitor confirming a pharmacologic effect of the inhibition ([Fig. 1B](#pone-0070599-g001){ref-type="fig"}). Although smoothened may be expressed in fibroblasts [@pone.0070599-Cigna1], its expression in hepatocytes has not been reported. Therefore, we determined if smoothened is expressed in isolated mouse hepatocytes. Indeed, real-time PCR and immunoblot analysis identified smoothened at both the mRNA and protein levels in these isolated hepatocytes ([Fig. 1C, D](#pone-0070599-g001){ref-type="fig"}). The expression of smoothened appears to be coupled to hedgehog signaling as Gli1 expression was 3-fold higher in hepatocytes from FFC-fed as opposed to chow-fed animals ([Fig. 1C](#pone-0070599-g001){ref-type="fig"}). Taken together, these data not only demonstrate sonic hedgehog expression in this murine model of NASH analogous to the human disease, but also identify smoothened expression in hepatocytes suggesting these cells may also be capable of manifesting hedgehog signaling pathways.

![Hedgehog signaling pathway is activated in a nutrient excess model of NASH.\
C57BL/6 mice were fed chow or the FFC diet for 3 months. Mice were then treated with vismodegib (25 mg/kg body wt) or vehicle for an additional week prior to sacrifice. Liver tissue was procured and processed as described in [Materials and Methods](#s2){ref-type="sec"}. (A) Expression of sonic hedgehog was examined by immunohistochemistry on paraffin-embedded liver tissue and representative microphotographs taken with a 40× objective are shown. (B) Total RNA was extracted from the liver tissue and gene expression of patched 1 was quantified by real-time PCR. (C) Hepatocytes were isolated from mice on chow and the FFC diet. Total RNA was extracted and gene expression of smoothened and Gli1 were assessed by real-time PCR. (D) Hepatocytes were isolated from mice on chow and the FFC diet. Protein expression of smoothened was evaluated by western blotting. Bar columns represent mean ± S.E.M. \* *P*\<0.05.](pone.0070599.g001){#pone-0070599-g001}

Vismodegib treatment suppresses liver injury, but not hepatic steatosis, in mice fed the FFC diet {#s3b}
-------------------------------------------------------------------------------------------------

After three months on the FFC diet, mice displayed significant hepatic steatosis compared to chow-fed animals as assessed by histology, CARS microscopy, and biochemical quantification of hepatic neutral triglycerides ([Fig. 2A, B, and C](#pone-0070599-g002){ref-type="fig"}). Vismodegib therapy did not improve hepatic steatosis as examined by these parameters ([Fig. 2A, B and C](#pone-0070599-g002){ref-type="fig"}). In fact, vismodegib treatment in FFC diet-fed animals slightly accentuated triglyceride accumulation in the liver. To provide for the insight into this observation, we examined expression of enzymes involved in lipogenesis, lipolysis and very low density lipoprotein secretion. We evaluated hepatic mRNA levels of key lipogenic enzymes, including acetyl coenzyme A carboxylase-1 (ACC1), fatty acid synthase (FASN), stearoyl coenzyme A desaturase-1 (SCD1), lipolytic enzymes such as peroxisomal acyl-coenzyme A oxidase 1 (ACOX1), carnitine palmitoyltransferase (CPT) 1a and 2. We also assessed mRNA levels of enzymes involved in triglyceride synthesis, such as acyl coenzyme A:diacylglycerol acyltransferase (DGAT) 1 and 2, and expression of microsomal triglyceride transfer protein (MTTP), a key enzyme in very low density lipoprotein assembly and secretion. The FFC diet induced the lipogenic enzymes and CPT1a ([Fig. 2D](#pone-0070599-g002){ref-type="fig"}). Somewhat unexpectedly, vismodegib therapy in FFC diet-fed mice reduced expression of lipogenic genes ([Fig. 2D](#pone-0070599-g002){ref-type="fig"}). It also reduced key enzymes for mitochondrial fatty acid oxidation (CPT1a and CPT2), but not for peroxisome fatty acid oxidation (ACOX1) ([Fig. 2E](#pone-0070599-g002){ref-type="fig"}). As the livers accumulate lipids with vismodegib therapy, presumably the inhibition of MTTP and decreased mitochondrial fatty acid oxidation override the suppression of the lipogenic enzymes.

![FFC diet induced severe steatosis.\
Mice were treated as described in Fig. 1. (A) Fixed liver specimens were stained with H&E. (B) Label-free frozen liver tissue sections were imaged by CARS microscopy to visualize steatosis using a 25× objective. (C) Concentration of neutral triglycerides was measured in the liver tissue and normalized to protein concentration. (D-F) Total RNA was extracted from the liver tissue and gene expression of lipogenic enzymes (D), lipolytic enzymes (E) and enzymes involved in triglyceride synthesis and secretion (F) were quantified by real-time PCR. Values are expressed as mean ± S.E.M. \*\*\* *P*\<0.001, \*\* *P*\<0.05, \* *P*\<0.01.](pone.0070599.g002){#pone-0070599-g002}

As previously reported by us, the FFC diet also caused liver injury as manifested by substantially elevated serum ALT values ([Fig. 3A](#pone-0070599-g003){ref-type="fig"}). In contrast, vismodegib-treated FFC diet-fed mice displayed reduced serum ALT values compared to vehicle-treated FFC diet-fed animals. As hepatocyte apoptosis is a prominent histopathologic feature of NASH [@pone.0070599-Alkhouri1], we next examined apoptosis in liver tissue samples using the TUNEL assay. Mice on the FFC diet had an ∼3-fold increase in liver TUNEL-positive cells vs. chow-fed animals ([Fig. 3B](#pone-0070599-g003){ref-type="fig"}). Consistent with its effects on serum ALT values, vismodegib also reduced liver TUNEL-positive cells in mice on the FFC diet. These data suggest vismodegib treatment attenuates FFC diet-induced liver injury without altering hepatic steatosis.

![Liver injury is reduced in vismodegib-treated FFC diet-fed mice.\
(A) Serum ALT values were measured by standard techniques in samples from mice treated as in Fig. 1. (B) Hepatocyte apoptosis was evaluated by the TUNEL assay on frozen liver tissue samples. Apoptotic cells were quantified by counting TUNEL-positive nuclei in 20 random microscopic fields (20×) using a fluorescent microscope. Data represent mean ± S.E.M. \*\*\* *P*\<0.001, \* *P*\<0.01.](pone.0070599.g003){#pone-0070599-g003}

Vismodegib prevents FFC diet-induced upregulation of the murine TRAIL receptor, DR5, and prevents DR5-mediated injury in FFC diet-fed mice {#s3c}
------------------------------------------------------------------------------------------------------------------------------------------

As we detected a decreased rate of apoptosis after vismodegib treatment, we profiled death receptor expression in the liver by real-time PCR. Mice fed the FFC diet had markedly increased hepatic DR5 expression (∼9-fold), while TNFR1 and Fas expression levels were less prominently upregulated (∼1.5-fold) ([Fig. 4A](#pone-0070599-g004){ref-type="fig"}). In FFC diet-fed mice, treatment with vismodegib suppressed expression of all three death receptors but the results were most striking for DR5 upregulation. In addition, we assessed mRNA levels of corresponding death receptor ligands. Expression of all TRAIL, Fas ligand and TNF-α were upregulated in FFC diet-fed mice ([Fig. 4B](#pone-0070599-g004){ref-type="fig"}). Similar to death receptor mRNA data, vismodegib therapy abrogated these increases. These data suggested the fatty liver was more susceptible to TRAIL-mediated liver injury due to strong DR5 upregulation, a postulate which has been proposed but never directly tested [@pone.0070599-Malhi1]. To more directly test this explanation for our observations, an agonistic anti-DR5 antibody MD5-1 was administered to FFC and chow diet-fed mice treated with vehicle or vismodegib. While administration of MD5-1 to mice on chow diet was not hepatotoxic, the same treatment significantly increased serum ALT values in FFC diet-fed mice ([Fig. 4C](#pone-0070599-g004){ref-type="fig"}), suggesting this diet sensitizes mice to DR5-mediated liver injury. Most importantly, vismodegib exerted a strong protective effect by decreasing ALT values in MD5-1-administered FFC diet-fed mice ([Fig. 4C](#pone-0070599-g004){ref-type="fig"}). MD5-1 administration also induced hepatocyte apoptosis in FFC diet-fed mice, but not in chow-fed mice, which was reduced by vismodegib pre-treatment ([Fig. 4D](#pone-0070599-g004){ref-type="fig"}). Collectively, these data suggest that vismodegib reduces TRAIL:DR-5-mediated liver injury in FFC diet-fed animals.

![Vismodegib abrogates FFC diet-induced upregulation of death receptor DR5 and prevents DR5-mediated liver injury in FFC diet-fed mice.\
(A, B) Mice were fed chow or the FFC diet for 3 months. Mice were then treated with vismodegib or vehicle for an additional week prior to sacrifice. Total RNA was extracted from the liver tissue and expression of death receptors (A) and death receptor ligands (B) was quantified by real-time PCR. (C, D) A subset of mice were reared on either chow or FFC diet for 3 months and then treated with vismodegib or vehicle for 2 weeks. Two injections of MD5-1, an agonistic anti-DR5 antibody, were administered to vismodegib- and vehicle-treated groups on each diet during the last week prior to sacrifice. Serum ALT values (C) and liver TUNEL-positive cells (D) were analyzed in all groups. (E) Huh-7 cells were pre-treated with vismodegib (0--1 µM) for 16 h and then treated with 600 µM palmitic acid (PA) for additional 8 h. Total RNA was extracted and DR5 expression was evaluated by real-time PCR. DR5 expression in Huh-7 cells is expressed as mean values of four independent experiments. Data represent mean ± S.E.M. \*\*\* *P*\<0.001, \*\* *P*\<0.05, \* *P*\<0.01.](pone.0070599.g004){#pone-0070599-g004}

To test whether vismodegib may directly modulate DR5 expression in hepatocytes, we treated human hepatoma cells (Huh-7) with vismodegib and palmitic acid (600 µM), a known inducer of DR5 [@pone.0070599-Cazanave1], and assessed gene expression of the death receptor by real-time PCR. While palmitic acid induced DR5 expression in Huh-7 cells by more than 2-fold, pre-treatment with vismodegib completely abolished this upregulation in a concentration-dependent manner ([Fig. 4E](#pone-0070599-g004){ref-type="fig"}). These data suggest that vismodegib may reduce DR5 expression in liver cells. Although Huh-7 cells have been used extensively as a model for lipoapoptosis, we note that there are limitations to using a transformed cell line as a model of normal hepatocyte pathobiology.

Vismodegib therapy reduces hepatic accumulation of macrophages in mice fed the FFC diet {#s3d}
---------------------------------------------------------------------------------------

Several studies have suggested that hepatic lipotoxicity is mediated, in part, by influx and activation of cells of the monocyte lineage within the liver [@pone.0070599-Osborn1], [@pone.0070599-Baffy1]. Moreover, in gastric tissue sonic hedgehog acts as a macrophage chemoattractant [@pone.0070599-Schumacher1]. Therefore, we ascertained if cells of this lineage accumulated in the mouse liver on the FFC diet. Quite strikingly, we observed an increase in hepatic mRNA for CD14, CD68, and F4/80 in FFC diet-fed mice, all macrophage markers ([Fig. 5A](#pone-0070599-g005){ref-type="fig"}). The substantial accumulation of hepatic macrophages in the FFC diet as compared to chow-fed animals was confirmed by Mac-2 binding protein immunohistochemistry, a marker for phagocytically active macrophages ([Fig. 5B](#pone-0070599-g005){ref-type="fig"}). This increase in hepatic macrophage markers was markedly suppressed in FFC diet-fed mice treated with vismodegib ([Fig. 5A, B](#pone-0070599-g005){ref-type="fig"}). Evidence for macrophage activation was examined by determining hepatic mRNA expression for TNF-α ([Fig. 4B](#pone-0070599-g004){ref-type="fig"}), interleukin (IL)-1β, IL-6 and monocyte chemotactic protein-1 (MCP-1) ([Fig. 5C](#pone-0070599-g005){ref-type="fig"}). Indeed, hepatic mRNA for these cytokines and chemokines known to be secreted by activated macrophages were elevated in FFC diet-fed mice, and reduced by treatment with vismodegib. Moreover, apoptotic hepatocytes have recently been demonstrated to release MCP-1, a chemotactic factor for monocytes and macrophages [@pone.0070599-Cullen1], and hence the reduction in cell death ([Fig. 3B](#pone-0070599-g003){ref-type="fig"}) likely contributes to the reduction in macrophage accumulation and activation. In addition, to assess the effect of the smoothened inhibitor on hedgehog signaling processes in liver macrophages in our model, we measured mRNA levels of hedgehog target genes in primary macrophages isolated from mice on chow and the FFC diet treated with vehicle or vismodegib. Gene expression of patched 1, Gli1 and Gli2 was not altered by either diet or treatment with the drug ([Fig. 5D](#pone-0070599-g005){ref-type="fig"}). However, these data do not preclude an effect of vismodegib on macrophage responses by non-canonical hedgehog signaling pathways. Collectively, the present observations suggest vismodegib suppresses diet-induced liver injury, in part, by reducing infiltration and/or activation of macrophages within the liver.

![Macrophage accumulation and activation is reduced in vismodegib-treated mice on the FFC diet.\
(A) Total RNA was extracted from liver tissue obtained from mice treated as described in Fig. 1 and expression profile of several macrophage markers was evaluated by real-time PCR. (B) Another marker of macrophages, Mac-2, was examined by immunohistochemistry on paraffin-embedded liver tissue and representative microphotographs taken with a 20× objective are shown. Macrophage accumulation was assessed by morphometric analysis of Mac-2 positive area in ten random fields per liver tissue section as illustrated in the right panel. (C) Gene expression of cytokines related to macrophage activation, IL-1β, IL-6 and MCP-1, was analyzed by real-time PCR in liver tissue obtained from each experimental group. (D) Liver macrophages were isolated from mice on chow and the FFC diet treated with vehicle or vismodegib. Total RNA was extracted and gene expression of hedgehog signaling target genes were assessed by real-time PCR. Bar columns represent mean ± S.E.M. \*\*\* *P*\<0.001, \*\* *P*\<0.05, \* *P*\<0.01.](pone.0070599.g005){#pone-0070599-g005}

Vismodegib therapy attenuates hepatic fibrosis induced by the FFC diet {#s3e}
----------------------------------------------------------------------

Hepatic fibrosis is the nefarious consequence of chronic liver inflammation. Therefore, we next examined the effect of vismodegib on NASH-related hepatic fibrogenesis at the levels of gene expression and collagen tissue deposition. Osteopontin, a profibrogenic extracellular matrix protein and cytokine, α smooth muscle actin (αSMA), a marker of activated hepatic stellate cells, and collagen 1a1 mRNA levels were all upregulated by the FFC diet ([Fig. 6A](#pone-0070599-g006){ref-type="fig"}). Vismodegib treatment in FFC diet-fed mice abrogated the upregulation of these profibrogenic genes. To assess deposition of excessive collagen matrix, liver sections were stained with Sirius red ([Fig. 6B](#pone-0070599-g006){ref-type="fig"}). Liver sections from mice fed the FFC diet had a significantly increased area of collagen deposition compared to mice on chow diet, which was remarkably reduced by vismodegib treatment ([Fig. 6B](#pone-0070599-g006){ref-type="fig"}). These data were confirmed by second harmonic generation microscopy for collagen fibrils performed on frozen liver sections ([Fig. 6C](#pone-0070599-g006){ref-type="fig"}). These data are consistent with prior observations that hedgehog pathway signaling inhibition by vismodegib or cyclopamine is antifibrogenic in the liver [@pone.0070599-Philips1], [@pone.0070599-Pratap1].

![Vismodegib attenuates FFC diet-induced liver fibrosis.\
(A) Total RNA was extracted from liver tissue obtained from mice treated as described in Fig. 1 and expression profile of profibrogenic markers was evaluated by real-time PCR. (B) Fixed liver tissue sections were stained with Sirius red to detect collagen deposition. Digital pictures of Sirius red staining (taken with a 20× objective) were then assessed by morphometry as indicated in the right panel. (C) Label-free frozen liver tissue sections were imaged by SHG microscopy to visualize collagen deposition using a 25× objective. Collagen area was then quantified as an area of SHG signal having intensity above the threshold value using automated software. Bar columns represent mean ± S.E.M. \*\*\* *P*\<0.001, \*\* *P*\<0.05, \* *P*\<0.01.](pone.0070599.g006){#pone-0070599-g006}

Discussion {#s4}
==========

The principal findings of this study provide mechanistic insights regarding the efficacy of a clinically relevant, pharmacologic smoothened inhibitor vismodegib in a murine model of NASH. Our results indicate the vismodegib treatment in a dietary nutrient excess model of murine NASH has several salutary effects including: (i) a decrease in hepatocyte injury despite lipid loading of the hepatocytes; (ii) inhibition of DR5 upregulation and DR5-mediated liver injury; (iii) a reduction in hepatic markers of macrophage accumulation and activation; and (iv) decreased fibrosis. These observations are more thoroughly discussed below.

In this study we used a nutrient excess model of murine NASH [@pone.0070599-Charlton1]. The model includes a diet high in saturated fats, cholesterol and the addition of fructose in the drinking water and was developed to replicate a western fast food diet. This animal model has been previously published and mimics several features of human NASH including neutral lipid accumulation by hepatocytes, the presence of ballooned hepatocytes, an increase in hepatic inflammatory cells, and liver fibrosis. Although the prior publication reported on mice fed the diet for six months, shorter time periods were not examined. In the current study, mice were fed the diet for three months and at this time point all features of human NASH were present, albeit perhaps not as florid as at the sixth month time period. Interestingly, only one week of vismodegib therapy attenuated all the injurious features of NASH in this model. Whether vismodegib therapy would be equally effective in advanced stages of NASH or following more extended periods of feeding animals a FFC diet remains to be examined. Nonetheless, the results imply a dominant role for hedgehog pathway signaling in the pathogenesis of early NASH, an observation consistent with the observation that hedgehog pathway activation parallels histologic activity in human NASH [@pone.0070599-Guy1].

We and others have previously reported that hepatocyte cell death by apoptosis is a prominent feature of NASH [@pone.0070599-Ribeiro1], [@pone.0070599-Feldstein1], [@pone.0070599-GarciaMonzon1], and consistent with the human disease, serum ALT values and TUNEL-positive liver cells were increased in mice fed the FFC diet. Vismodegib therapy reduced serum ALT values and TUNEL-positive liver cells. These hepatoprotective effects may be considered unexpected, as hepatocytes are thought to be unresponsive to hedgehog signaling \[e.g., do not express Gli transcription factors in response to stress [@pone.0070599-Bohinc1]\] and, hence, would not be expected to respond directly to pharmacologic treatment with a smoothened inhibitor. However, we identified smoothened expression at both the mRNA and protein levels in isolated mouse hepatocytes, and demonstrated that vismodegib reduces DR5 mRNA expression in a cultured hepatoma cell line. Thus, hedgehog signaling pathways are likely operational in hepatocytes. Although hepatocytes do not express cilia which are thought to be essential for canonical hedgehog pathway signaling via the Gli transcription factors in mammalian cells [@pone.0070599-Roy1], non-canonical hedgehog signaling has been observed in cells without cilia and occurs via a G-protein-dependent pathway independent of the Gli transcription factors [@pone.0070599-Lin1]. Whether this non-canonical signaling pathway occurs in lipid laden hepatocytes has not been explored, but may be a potentially injurious pathway in this disease context.

The liver is particularly sensitive to apoptosis by death receptors [@pone.0070599-Malhi2]. Therefore, to further examine how vismodegib therapy reduced liver injury we profiled hepatic expression of the death receptors Fas, TNFR1 and DR5 (also termed TRAIL receptor-2) and the corresponding ligands. Although modest increases in Fas and TNFR1 and their cognate ligands were observed, the most striking increase was in DR5 expression. This observation is consistent with prior *in vitro* studies demonstrating an increase in DR5 expression in free fatty acid-treated hepatocytes, and the dependence upon DR5 for hepatocyte lipotoxicity by palmitate [@pone.0070599-Cazanave1], [@pone.0070599-Malhi1]. To further extend these studies to an *in vivo* context, mice fed the FFC diet for three months were treated acutely with the agonistic anti-DR5 antibody MD5-1 (2 doses over 7 days). Interestingly, whereas the chow-fed animals displayed minimal hepatotoxicity following the MD5-1 administration, it markedly exacerbated liver injury in the FFC diet-fed mice as manifested by serum ALT values and TUNEL-positive liver nuclei. Pre-treatment with vismodegib for one week which reduces DR5 expression in FFC diet-fed mice also attenuated liver injury by MD5-1. These data raise the possibility that vismodegib reduces hepatocyte injury *in vivo* by directly or indirectly downregulating DR5 expression.

TRAIL is largely expressed by cells of the innate immune system including macrophages [@pone.0070599-Falschlehner1], and macrophages have been strongly implicated in lipotoxic disorders including NASH [@pone.0070599-Osborn1], [@pone.0070599-Olefsky1]. Therefore, we examined markers for macrophages and their activation status in FFC diet-fed mice in the context of vismodegib therapy. Consistent with other studies, mice fed the FFC diet displayed increased macrophage markers in the liver including CD14, CD68, and F4/80 and more abundant Mac-2-positive cells. The macrophages appeared to be activated as TNF-α, IL-1β, IL-6 and MCP-1 were also increased in the mice on the FFC diet. This increase in activated macrophages was reduced by vismodegib therapy. Vismodegib may have reduced hepatic macrophage numbers and accumulation secondarily by directly reducing liver injury by TRAIL:DR5-mediated apoptosis and likely other mechanisms. Conversely, hepatocytes produce sonic hedgehog when injured such as has been documented in ballooned hepatocytes [@pone.0070599-Rangwala1], and sonic hedgehog has been reported to be a chemoattractant factor in gastric inflammation [@pone.0070599-Schumacher1]. Thus, vismodegib may also secondarily reduce liver inflammation in this murine model of NASH by preventing monocyte/macrophage infiltration into the liver.

In contrast to decreased liver injury, vismodegib did not prevent hepatic steatosis. The FFC diet induced a several fold increase in hepatic neutral triglycerides, which in fact was slightly accentuated in the vismodegib-treated animals. We do not consider this effect of vismodegib as a drawback since triglyceride synthesis has been suggested as a protective mechanism against lipotoxicity [@pone.0070599-Yamaguchi1]. Moreover, as hepatic steatosis has been shown beneficial for liver regeneration after partial hepatectomy [@pone.0070599-Sydor1], we speculate that perhaps vismodegib may be a useful drug for patient with NASH undergoing hepatectomy.

Vismodegib treatment in FFC diet-fed mice also attenuates liver fibrosis. Multiple mechanisms may contribute to this observation. First, hedgehog signaling has been implicated in MCP-1 expression in the bile duct-ligated rodents [@pone.0070599-Omenetti1]; and MCP-1-driven recruitment of hepatic macrophages contributes to liver fibrosis [@pone.0070599-Wynn1]. Second, prior publications have demonstrated that smoothened inhibition directly suppresses stellate cell activation and myofibroblast accumulation in the liver [@pone.0070599-Syn1], [@pone.0070599-Philips1], [@pone.0070599-Michelotti1]. Finally, a reduction in hepatocyte injury would also be anticipated to reduce the inflammatory cascades promoting inflammation and fibrogenesis. A complete dissection of these mechanisms is beyond the scope of the current study, and likely, the antifibrogenic effect of vismodegib observed in our current studies is pleiotropic.

In summary, our data extend prior observations regarding hedgehog pathway activation in liver injury by demonstrating a salutary effect of vismodegib in a preclinical model of NASH ([Fig. 7](#pone-0070599-g007){ref-type="fig"}). Our unique observations include an effect of vismodegib on modulating death receptor expression and signaling, especially DR5, and in suppressing inflammation by hepatic monocytes/macrophages. We propose that there is a feed-forward injurious loop in NASH whereby DR5-mediated lipotoxicity results in hepatocyte apoptosis and injury, secondarily attracting monocytes/macrophages to the liver which further cause hepatocyte damage. Vismodegib appears to interrupt this feed-forward loop by reducing both processes. Given the beneficial effects of short-term vismodegib administration in our murine model of NASH, we speculate that this pharmacologic agent or other inhibitors of hedgehog pathway activation could be salutary following chronic administration in human NASH.

![Schematic mechanistic representation for vismodegib therapy in NASH.\
Lipotoxicity during NASH induces TRAIL:DR5-mediated hepatocyte injury and apoptosis. Injured hepatocytes secrete chemoattractants, such as MCP-1 or sonic hedgehog, which attract and recruit monocytes. Monocytes/macrophages infiltrating the liver are activated and promote an inflammatory response, which further causes hepatocyte damage. Vismodegib disrupts this cycle by inhibiting upregulation of DR5 and thus abrogating TRAIL:DR5-mediated apoptosis and related liver injury, and consequent monocyte/macrophage recruitment to the liver.](pone.0070599.g007){#pone-0070599-g007}
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